ABSTRACT A recently developed apparatus provides on-line continuous monitoring of systemic vascular resistance (SVR) by means of simple computer analysis of the peripheral arterial waveform. The fundamental equation of this method is Ri = P'/(dP/dt), where dP/dt is the peak dP/dt of the peripheral arterial waveform, P' is the pressure at time of peak dP/dt, and Ri is a resistance index that bears a direct relation to SVR. Eleven patients undergoing percutaneous transluminal coronary angioplasty (PTCA) were studied to evaluate the changes in SVR associated with myocardial ischemia (angina detection). than 80% of the cases. The left ventricular hemodynamic changes that are associated with ischemia produce concomitant changes in the arterial pressure wave.5 We therefore also used the arterial resistometer to monitor and evaluate changes in arterial peak dP/dt during PTCA-induced myocardial ischemia.
WE HAVE RECENTLY SHOWN that a simple computer analysis of the peripheral arterial waveform can provide on-line continuous monitoring of systemic vascular resistance (SVR)." 2 The apparatus that monitors these changes is called the arterial resistometer.2 This apparatus continuously measures the resistance index (Ri), which is the pressure at the time of peak dP/dt divided by the peak dP/dt of the pressure curve in the artery.
In this study the arterial resistomestui was used to monitor the changes in Ri induced by coronary artery occlusion during percutaneous transluminal coronary angioplasty (PTCA).
Recent studies by Chierchia et al.3 4 showed that transient episodes of symptomatic and asymptomatic ischemia are associated with reductions in peak left ventricular contraction and relaxation dP/dt in more than 80% of the cases. The left ventricular hemodynamic changes that are associated with ischemia produce concomitant changes in the arterial pressure wave. 5 We therefore also used the arterial resistometer to monitor and evaluate changes in arterial peak dP/dt during PTCA-induced myocardial ischemia.
Methods
Eleven consecutive patients undergoing 15 PTCA procedures were studied (table 1) .
PTCA was performed with a Gruntzig coronary dilatation steerable catheter (Schneider, Zurich) introduced through the femoral artery by the Seldinger technique.6 The balloon was positioned in the coronary artery under fluoroscopic guidance by a special guiding catheter directing the balloon into the affected coronary orifice. Continuous pressure was monitored at the catheter tip and proximallly in the aorta. The balloon was inflated for 30 to 60 sec under a pressure of 5 to 10 atm and was then deflated and withdrawn. No modifications in the PTCA technique were made for this study, and the entire procedure was done under conditions of coronary occlusion that are typical for clinical angioplasty.
Intra-arterial pressures were recorded via a 20 cm long catheter (Bard-I-Cath, C.R. Bard International Ltd., Sunderland, England) that was introduced via a 17-gauge needle into the femoral artery. Pressure readings were obtained by a MennenMedical 741 patient monitor electrocardiograph and pressure unit with a physiologic pressure transducer (Mennen-Medical CIRCULATION ASecond dilatation with a larger balloon. BSecond successful dilatation due to complete obstruction of LAD at first attempted dilatation.
922-122-010). The natural frequency of the transducer was 10 kHz. dP/dt was obtained by electronic differentiation that provided a linear frequency response to 100 Hz. The pressure curve obtained from the patient monitor was used as an electronic input for the arterial resistometer.
The arterial resistometer continuously monitored the Ri, which is the ratio between the pressure at the point of peak pressure dP/dt and the value of peak dP/dt.
Mathematical model and features of the arterial resistometer. Otto Frank's basic and simplified mathematical analysis of the arterial pulse was used.7 In this model the aorta is represented by an elastic volume container, the "windkessel," which is connected to a tube with a definite resistance to flow.
During the diastolic phase a linear relationship exists between pressure (P) and volume (V) in the "windkessel": dP/dV = E (1) where E is a constant. If we assume that the pressure at the distal end of the tube (venous side) is zero, then Poiseuille's law may be written: outflow into the aorta is approximated by a sine function, and the relationship between SVR and the arterial pressure is expressed in the equation:
where E is a resistance factor (which is relatively constant in an individual patient and depends on the compliance of the arterial system). At the beginning of systole, when sin Bt = sin 0 = 0, dP max dP dt dt and the solution to equation 5 is:
The equation by which the arterial resistometer calculates SVR is: dV/dt = -P/SVR (2) where SVR is the resistance (analogue of R on Ohm's law).
During the systolic phase, the rate of volume change in the "windkessel" is affected by two factors: (1) the rate of inflow (from the heart), which is indicated by i and may be some function of time i (t), and (2) the rate of outflow (through the peripheral resistance), which is given (by assumption) by Poi- figure 3 .
The increase in Ri correlates with the duration of balloon inflation. The time course of changes in Ri associated with balloon inflation is demonstrated in figure 4 . In 42 of the balloon inflations, increases in Ri were associated with electrocardiographic ST-T changes, and in 23 they were also associated with anginal pain. 5) .
Two of the patients who developed anginal pain during coronary occlusion demonstrated a significant increase in Ri despite the absence of changes on standard electrocardiographic leads (table 1) .
Discussion
In a recent study,2 we compared SVR values determined by the resistometer with values calculated from thermodilution cardiac output measurements. The study was performed on 22 patients, and 255 SVR measurements were obtained. SVR ranged between 450 and 4400 dyne-sec-cm-5. The patients who were studied immediately after coronary bypass operations were exposed to situations such as temperature changes, volume load, blood loss, and the effect of various catecholamines, nitroglycerin, and nitroprusside. Heart rates ranged between 48 and 160 beats/min while these measurements were obtained. The calibration constants E and a were predetermined for each patient by taking simultaneous thermodilution-calculated SVR measurements and Ri readings before (low SVR) and immediately after (high SVR) aortocoronary bypass.
Correlation of SVR measurements between the two methods was r = .98, and the correlation coefficients of individual patients ranged from .9 to .986.
In the present study no effort was made to calibrate the system against any standard method (like thermodilution), since our main concern was the change in Ri for an individual patient during the PTCA balloon inflation and not the absolute values of SVR. In this form (without calibration) the system is simpler, and Ri can be measured very easily by applying the resistometer to a reliable pressure monitoring system.
Ordinarily electrocardiography is considered the most reliable objective means of detecting myocardial ischemia.8 9 As shown here, however, the hemodynamic changes, namely the increase in Ri and the reduction in arterial dP/dt, are even more reliable. In 49 instances of arbitrary and controlled occlusion of a major coronary artery there was a hemodynamic response in all of them (table 1). In only 42 of the occlusions were electrocardiographic changes also present. The electrocardiographic changes, whenever present, were preceded by the hemodynamic changes.
Review of the literature reveals that some of the present data have already been recorded in the past.35' 10-12 Gorlinl3 and Cannon et al.14 reported on the link between increased SVR and anginal episodes. assumed that such a pathophysiologic mechanism is responsible for the development of resting angina. In the present group of patients, however, myocardial ischemia preceded the rise in SVR. This does not negate the possibility that in certain cases Gorlin's assumption is correct. Chierchia et al. 4 ' 10 first reported on the reduction in peak contraction and peak relaxation left ventricular dP/dt in ischemic attacks. It has also been shown by aorta immediately after the opening of the aortic valve bears a constant and direct relationship to the rate of pressure rise in the left ventricle during the immediately preceding isovolumetric systolic contraction. Our study, however, is the first to show that in man, arbitrary occlusion of a major coronary artery was in each case associated with a decrease of femoral arterial peak positive dP/dt. It is possible (but not proved), that dP/dt observed in this study might reflect a decreased left ventricular dP/dt. 
